Recombinant adeno-associated viruses (AAVs) have been used widely for in vivo gene therapy. However, adaptive immune responses to AAV have posed a significant hurdle in clinical application of AAV vectors. Recent advances have suggested a crucial role for innate immunity in shaping adaptive immune responses. How AAV activates innate immunity, and thereby promotes AAV-targeted adaptive immune responses, remains unknown. Here we show that AAV activates mouse plasmacytoid DCs (pDCs) via TLR9 to produce type I IFNs. In vivo, the TLR9-MyD88 pathway was crucial to the activation of CD8 + T cell responses to both the transgene product and the AAV capsid, leading to loss of transgene expression and the generation of transgene product-specific and AAVneutralizing antibodies. We further demonstrate that TLR9-dependent activation of adaptive immunity targeting AAV was mediated by type I IFNs and that human pDCs could be activated in vitro to induce type I IFN production via TLR9. These results reveal an essential role for the TLR9-MyD88-type I IFN pathway in induction of adaptive immune responses to AAV and suggest that strategies that interfere with this pathway may improve the outcome of AAV-mediated gene therapy in humans.
Introduction
The adeno-associated virus (AAV) is a non-enveloped, singlestranded DNA virus with a genome of approximately 5 kb. It is a member of the Parvoviridae family and requires a helper virus such as an adenovirus or herpes simplex virus for replication. Despite a limited packaging capacity (less than 4.7 kb), the AAV has many attractive features for use as a vector for in vivo gene therapy, including the ability to transduce a variety of cells, low immunogenicity and toxicity, and the ability to establish long-term expression of the transgene in vivo (1) . So far, AAV vectors have been used in preclinical and clinical studies for a variety of diseases, including hemophilia (2) (3) (4) (5) , Duchenne muscular dystrophy (6, 7), α1-antitrypsin deficiency (8, 9) , and cystic fibrosis (10, 11) . Among 9 serotypes of AAV that have been developed for gene therapy, serotype 2 (AAV2) is the most extensively studied (1) .
The ability of AAV vectors to achieve long-term expression of the transgene product has been attributed to their relatively low immunogenicity (12) (13) (14) . However, in some experimental settings, attendant immune responses have compromised the outcome of AAV-mediated gene therapy. In fact, for this reason, AAV vectors have been developed as a vaccine vehicle for infectious diseases and cancer (15) (16) (17) . Several factors may influence the occurrence of immune responses to AAV, including the vector dose and serotype, the nature of the transgene, the route of administration, a preexisting immunity to AAV, and the host species (18) . It has been suggested that activation of a transgene-specific T cell response is due to cross-presentation of phagocytosed transgene-derived antigens in the context of MHC class I by DCs (15, 19) . In addition, cross-presentation of the input vector capsid proteins by DCs can activate a capsid-specific T cell response (20) (21) (22) (23) . Furthermore, efficient activation of a B cell response by AAV vectors leads to production of neutralizing antibodies against viral capsids, which limit effective re-administration of the vector (24) (25) (26) . Collectively, these observations suggest that AAV vectors are not intrinsically inert in eliciting host immune responses.
The concern for immune responses to AAV vectors has been substantiated by the outcome of a recent clinical trial in hemophilia B patients (5) . In that trial, hepatic delivery of AAV2 vectors encoding factor IX led to therapeutic levels of transgene-encoded factor IX in one patient. However, the therapeutic levels of factor IX were only transient. The gradual decline in factor IX was accompanied by a transient transaminitis and the detection of AAV capsid-specific T cells. Overall, the patient's clinical course was compatible with immune-mediated destruction of AAVtransduced hepatocytes. Taken together, the above observations in mice and humans suggest that adaptive immune responses to AAV vectors have posed a major challenge in AAV-mediated gene therapy in vivo.
Critical for the development of effective strategies to circumvent these hurdles is understanding what controls the induction of adaptive immunity to AAV. Recent advances in immunology have suggested a crucial role for the innate immune system in promoting adaptive immune responses (27, 28) . The phylogenetically conserved innate immune system represents the first line of defense against invading pathogens through recognition of pathogenassociated molecular patterns (PAMPs) by a set of pattern recognition receptors (PRRs) (29) . The best-studied family of PRRs is the TLRs, which are expressed on various innate immune cells such as DCs and macrophages. Upon recognition of PAMPs, TLRs trigger a series of signaling cascades leading to induction of antimicrobial genes and inflammatory cytokines, which results in direct killing of the invading pathogens as well as promotion of the initiation of adaptive immune responses (27) .
How AAV activates the innate immune system remains unknown. In this study, utilizing DCs deficient for genes involved in the TLR pathways, we showed that AAV2 activated plasmacytoid DCs (pDCs) to produce type I IFNs. The innate immune recognition of AAV by pDCs was mediated by TLR9 and dependent on MyD88. Activation of the TLR9-MyD88 pathway was independent of the nature of the transgene. Similarly, other serotypes of AAV, such as AAV1 and AAV9, also activated innate immunity through the TLR9-MyD88 pathway. In vivo, the TLR9-MyD88 pathway was critical for the activation of CD8 + T cell responses to both the transgene product and the AAV capsid, leading to the loss of transgene expression, and the formation of anti-transgene antibody and neutralizing antibodies to AAV vectors. This was mediated by TLR9-induced production of type I IFNs. We further demonstrated that AAV vectors also activated human pDCs to induce type I IFNs via TLR9. Collectively, these observations suggest that strategies to block the TLR9-MyD88-type I IFN pathway may improve the clinical outcome of AAV-mediated gene therapy.
Results

AAV2 activates pDCs to produce type I IFNs.
Studies have shown that both pDCs and conventional DCs (cDCs) play a pivotal role in innate immune sensing of viruses (30) . Indeed, we have demonstrated that the innate immune recognition of adenoviral vectors by pDCs is mediated by TLR9, whereas that by non-pDCs such as cDCs and macrophages is TLR independent (31). We thus utilized both pDCs and cDCs to study innate immune response to AAV. pDCs and cDCs were generated from bone marrow cells in the presence of Flt-3 ligand and GM-CSF, respectively, as we previously described (31) . pDCs and cDCs, identified as CD11c + B220 + mPDCA-1 + and CD11c + B220 -mPDCA-1 -, respectively, were then purified by FACS sorting and stimulated with recombinant AAV2 encoding lacZ (AAV2-lacZ; 2 × 10 10 viral genomes [vg]) or E1-deleted adenovirus encoding lacZ (Ad-lacZ; MOI of 250) for 18 hours, and the cultured supernatants were assayed for the secretion of type I IFNs such as IFN-α and IFN-β and proinflammatory cytokines such as IL-6 and TNF-α. Similar to those infected with Ad-lacZ, pDCs stimulated with AAV2-lacZ produced high levels of IFN-α ( Figure 1A ) and IFN-β ( Figure 1B ) but very low levels of IL-6 ( Figure 1C ) and TNF-α ( Figure 1D ). However, little or no type I IFNs or proinflammatory cytokines were produced by cDCs upon AAV2-lacZ infection (Figure 1 ). This was in striking contrast to cDCs stimulated with Ad-lacZ, which produced high levels of IL-6 ( Figure 1C ) and TNF-α ( Figure 1D ) as well as IFN-α ( Figure 1A ) and IFN-β ( Figure 1B) . The dose and the time point chosen for AAV2-lacZ in these studies were based on results from our pilot experiments, in which optimal responses were obtained with DCs stimulated for 18 hours at 2 × 10 10 vg (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI37607DS1), and the dosing for Ad-lacZ was based on our published data (31) . Collectively, these results indicate that AAV2-lacZ mainly activates pDCs to produce type I IFNs.
Figure 1
AAV2 mainly stimulates bone marrow-derived pDCs to secrete type I IFNs. pDCs and cDCs were generated from bone marrow cells in the presence of Flt-3 ligand and GM-CSF, respectively, and purified by FACS sorting. Cells (1 × 10 6 ) were then stimulated with AAV2-lacZ (2 × 10 10 vg) or Ad-lacZ (MOI of 250) or left unstimulated (medium) for 18 hours, and the supernatants were assayed for the secretion of IFN-α (A), IFN-β (B), IL-6 (C), and TNF-α (D) by ELISA. Representative data of 3 independent experiments are shown.
Figure 2
AAV2 activates endogenous pDCs, but not non-pDCs, to produce type I IFNs. Splenic pDCs, cDCs, hepatic Kupffer cells (KC), or peritoneal macrophages (MF) (2.5 × 10 5 each) were either unstimulated or stimulated with AAV2-lacZ (5 × 10 9 vg) or Ad-lacZ (MOI of 250) for 18 hours. The cultured supernatants were assayed for the secretion of IFN-α (A) and IL-6 (B). Representative data of 3 independent experiments are shown.
We next examined whether endogenous pDCs and cDCs behave similarly in response to AAV2-lacZ infection. Splenic pDCs and cDCs were purified by FACS sorting, and the purified DCs were stimulated with AAV2-lacZ or Ad-lacZ and measured for secretion of IFN-α and IL-6. Again, similar to Ad-lacZ, AAV2-lacZ stimulated endogenous pDCs, but not cDCs, to secrete IFN-α (Figure 2A ). In contrast to adenoviral infection, no significant levels of IL-6 were produced by endogenous cDCs upon AAV infection ( Figure 2B ). We also investigated how other non-pDCs such as macrophages and hepatic Kupffer cells responded to AAV infection, as the liver is one of the major targets in AAV-mediated gene therapy (5) . Purified peritoneal macrophages and hepatic Kupffer cells were stimulated with AAV2-lacZ or Ad-lacZ and assayed for the secretion of IFN-α and IL-6. Our data indicated that freshly isolated Kupffer cells and macrophages could not produce significant levels of IFN-α or IL-6 upon AAV infection, in contrast to the infection with adenovirus ( Figure 2 ). These results further confirm that AAV mainly activates pDC, but not non-pDCs, to produce type I IFNs.
Innate immune recognition of AAV2 is mediated by TLR9 and dependent on MyD88. We next investigated whether TLRs were involved in the induction of type I IFNs by pDCs upon AAV infection. Since all TLR signaling is mediated by MyD88 and/or TRIF (29), pDCs deficient for MyD88 (Myd88 -/-) or TRIF (Trif -/-) were tested for their ability to produce type I IFNs upon AAV infection. pDCs generated from bone marrow cells of Myd88 -/-or Trif -/-C57BL/6 mice were stimulated with AAV2-lacZ and assayed for type I IFN secretion. The production of both IFN-α ( Figure 3A ) and IFN-β ( Figure 3B ) by Myd88 -/-pDCs was abolished, whereas that by Trif -/-pDCs was not affected compared with the WT pDCs ( Figure 3 ). These data indicate that the production of type I IFNs by pDCs in response to AAV2 was TLR mediated and dependent on MyD88.
Which TLR then mediated the MyD88-dependent production of type I IFNs by pDCs upon AAV infection? Among all TLRs characterized to date, only TLR7, TLR8, and TLR9 are known to mediate MyD88-dependent production of type I IFNs (29) . Since the known ligands for TLR7 and TLR8 are single-stranded RNA, and AAV is a single-stranded DNA virus, we hypothesized that a likely candidate to mediate induction of type I IFNs by pDCs was TLR9. To test this, we examined whether pDCs generated from Tlr9 -/-C57BL/6 mice secreted type I IFNs upon AAV infection. Similar to Myd88 -/-pDCs ( Figure 3 , A and B), Tlr9 -/-pDCs stimulated with AAV2-lacZ failed to secrete IFN-α ( Figure 3C ) or IFN-β ( Figure 3D ), whereas production of these type I IFNs was not affected in Tlr2 -/-or WT pDCs upon AAV infection. We further showed that the up-regulation of CD86 was abolished in Tlr9 -/-pDCs compared to the WT control (Supplemental Figure 2) , suggesting pDC maturation upon AAV2 infection is also dependent on TLR9 signaling. Taken together, these observations indicate that pDC maturation and production of type I IFNs upon AAV infection is mediated by the TLR9-MyD88 pathway. Similar results were obtained with pDCs generated from WT, Myd88 -/-, or Tlr9 -/-BALB/c mice (data not shown).
The TLR9-dependent sensing of AAV also suggests that the ligand for TLR9 recognition is viral DNA. Since the AAV stock was produced by transfecting 293 cells with the vector and the helper plasmids, followed by purification with heparin affinity chromatography as described (32) , there was a concern about potential contamination of the purified AAV with residual plasmid DNA, which may account for the observed TLR9-dependent activation of pDCs. To rule out this possibility, AAV2-lacZ was treated again with DNase I and used for stimulating pDCs. Our data showed that pDCs stimulated with DNase I-treated AAV produced levels of IFN-α ( Figure 4A ) and IFN-β ( Figure 4B ) similar to those stimulated with untreated AAV, suggesting that viral DNA, but not the 
Figure 4
DNase I treatment does not affect the ability of AAV to stimulate pDCs. pDCs (1 × 10 6 ) generated from bone marrow cells were purified and stimulated with AAV2-lacZ (2 × 10 10 vg) or DNase I-treated (30 minutes at 37°C) AAV2-lacZ for 18 hours, and the supernatants were assayed for the secretion of IFN-α (A) and IFN-β (B) by ELISA. Representative data of 2 independent experiments are shown.
contaminating plasmid DNA, is responsible for the stimulation of TLR9 in pDCs.
Activation of the TLR9-MyD88 pathway by AAV is independent of the nature of the transgene or AAV serotypes. We next sought to determine whether the innate immune recognition of AAV2 encoding other transgenes was also dependent on the TLR9-MyD88 pathway. To address this question, WT, Myd88 -/-, and Tlr9 -/-pDCs were stimulated with AAV2-lacZ, AAV2 encoding influenza hemagglutinin (AAV2-HA), or AAV2 encoding GFP (AAV2-GFP) and examined for the secretion of IFN-β. Similar to AAV2-lacZ ( Figure 5A ), neither AAV2-HA ( Figure 5B ) nor AAV2-GFP ( Figure 5C ) stimulated Tlr9 -/-or Myd88 -/-pDCs to produce IFN-β, suggesting that the activation of the TLR9-MyD88 pathway by AAV is independent of the nature of the transgene that AAV encodes.
Although AAV2 is the most extensively studied AAV vectors, other serotypes of AAV have also been developed as vectors for gene therapy (1) . We thus examined whether the innate immune recognition of other AAV serotypes was also mediated by the TLR9-MyD88 pathway. WT, Myd88 -/-, and Tlr9 -/-pDCs were infected with AAV2-GFP, AAV1-GFP, or AAV9-GFP and examined for the secretion of IFN-β. Although WT pDCs infected with AAV1-GFP ( Figure 5D ) or AAV9-GFP ( Figure 5E ) produced lower levels of IFN-β than those infected with AAV2-GFP ( Figure 5C ), our data showed that, similar to AAV2-GFP ( Figure 5C ), no type I IFN secretion was detected in Tlr9 -/-or Myd88 -/-pDCs upon stimulation with AAV1-GFP ( Figure 5D ) or AAV9-GFP ( Figure 5E ). These results suggest that innate immune activation by other AAV serotypes is also dependent on the TLR9-MyD88 pathway.
The TLR9-MyD88 pathway is critical for CD8 + T cell responses to the transgene product and the AAV capsid, and for the loss of transgene expression in vivo. We next determined the biological significance of the TLR9-MyD88 pathway in adaptive immune responses to AAV vectors in vivo. To address this question, we utilized a murine model of skeletal muscle-mediated gene transfer because the skeletal muscle is widely considered to be a target for AAV-mediated gene therapy in vivo. AAV2-HA was injected intramuscularly into WT, Tlr9 -/-, or Myd88 -/-BALB/c mice. Twelve days later, high levels of HA expression were detected in the skeletal muscles of all mice ( Figure 6A ). However, the transgene expression was transient, as HA expression was significantly reduced by day 26 after injection and completely cleared by day 60 ( Figure 6A ). This was consistent with the previous observation that AAV-mediated HA expression in skeletal muscles of BALB/c mice is transient (19) . In contrast, the HA expression was stable in Tlr9 -/- (Figure 6A ) and Myd88 -/-(data not shown) mice. At day 26, splenocytes were analyzed for virus-specific T cell activation using the standard T cell proliferation assay, with 3 H-thymidine incorporation upon in vitro restimulation with different doses of AAV2-HA. In WT mice, AAV infection resulted in robust T cell activation, whereas in Tlr9 -/-or Myd88 -/-mice, T cell activation was significantly diminished (P < 0.001; Figure 6B ). These results suggest that the TLR9-MyD88 pathway is critical for the activation of AAV-specific T cells, leading to the loss of transgene expression in vivo.
Since the proliferation assay measures total T cell responses to AAV, we further examined cytotoxic CD8 + T cell responses to the HA transgene and the AAV2 capsid using an IFN-γ intracellular staining assay upon in vitro restimulation with immunodominant epitope peptides specific for HA and the AAV capsid, respectively. In WT mice, AAV infection resulted in activation of both capsidand HA-specific CD8 + T cell responses, but with different kinetics: robust capsid-specific CD8 + T cell response was observed at both days 12 and 26 ( Figure 6 , C and D), whereas high levels of HA-specific CD8 + T cells were detectable only at day 26 ( Figure 6 , E and F). This difference in kinetics may reflect availability of different antigens for presentation by DCs -AAV-mediated transgene expression in vivo usually takes 1-2 weeks, whereas the input AAV capsid is readily available upon viral infection. Despite this difference, in Tlr9 -/-or Myd88 -/-mice, CD8 + T cell responses to both the AAV capsid ( Figure 6 , C and D) and HA ( Figure 6 , E and F) were significantly (P < 0.001) diminished compared with the WT control. This was associated with a reduction in CD8 + T cell infiltration into the infected muscles of Tlr9 -/-or Myd88 -/-mice compared with the WT group (Supplemental Figure 3) . These results indicate that an intact TLR9-MyD88 pathway is required for the activation of AAV capsid-and transgene product-specific CD8 + T cells and the loss of transgene expression in vivo.
The transgene-specific and AAV-neutralizing antibody responses are also dependent on the TLR9-MyD88 pathway. We next investigated whether the TLR9-MyD88 pathway also influenced an adaptive B cell response to AAV infection. WT, Tlr9 -/-, and Myd88 -/-mice were injected intramuscularly with 1 × 10 11 vg of AAV2-HA, and serum samples were harvested 36 days later and assayed for the presence of anti-HA antibody and the neutralizing antibody to AAV. Sera from WT mice infected with AAV2-HA were found to
Figure 5
Activation of the TLR9-MyD88 pathway by AAV is independent of the nature of the transgene or AAV serotypes. pDCs (1 × 10 6 ) generated from WT, Myd88 -/-, or Tlr9 -/-mice were stimulated with 2 × 10 10 vg of AAV2-lacZ (A), AAV2-HA (B), AAV2-GFP (C), AAV1-GFP (D), or AAV9-GFP (E) for 18 hours, and the supernatants were assayed for the secretion of IFN-β by ELISA. Representative data of 3 independent experiments are shown.
contain high titers of anti-HA antibody ( Figure 7A ) and neutralizing antibody to AAV ( Figure 7B ). However, both the anti-HA antibody response ( Figure 7A ) and neutralizing antibody titers ( Figure  7B ) were significantly (P < 0.001) diminished in AAV2-HA-infected Tlr9 -/-and Myd88 -/-mice compared with the WT control. We further analyzed AAV vector-specific Ig isotypes by ELISA. The results revealed that a similar degree of reduction in AAV-specific IgG2a (indicative of Th1-dependent B cell response) titers in Tlr9 -/-and Myd88 -/-mice, compared with the WT control ( Figure 7C ). However, only moderate reduction of AAV-specific IgG1 (indicative of a Th2-dependent B cell response; Figure 7D ) and IgG3 (indicative of a Th-independent B cell response; Figure 7E ) titers was noted in Tlr9 -/-and Myd88 -/-mice. Thus, the formation of transgenespecific and AAV-neutralizing antibodies is also dependent on an intact TLR9-MyD88 signaling pathway.
Type I IFNs are required for adaptive immune responses to AAV. How does the TLR9-MyD88 innate immune pathway regulate adaptive immune responses to AAV? The TLR9-dependent production of mainly type I IFNs by pDCs upon AAV infection suggested that type I IFNs may play a key role in promoting adaptive immune responses to AAV in vivo. To test this hypothesis, we examined whether adaptive immune responses to AAV were dependent on type I IFNs. AAV2-HA (1 × 10 11 vg) was injected intramuscularly into WT mice or mice deficient for the IFN-α and IFN-β receptor (Ifnr -/-) and examined for HA expression 12 and 36 days after injection. High levels of HA expression were detected in the skeletal muscles of WT and Ifnr -/-mice 12 days after infection ( Figure 8A) . By day 36, a significant loss of HA-expressing muscle fibers was detected in WT mice. By contrast, the expression of HA remained stable in Ifnr -/-mice ( Figure 8A ). This corresponded to a significant (P < 0.001) reduction in AAV-specific T cell activation in Ifnr -/-mice compared with the WT control ( Figure 8B ). In addition, both anti-HA antibody ( Figure 8C ) and AAV-neutralizing antibody (Figure 8D ) titers were significantly (P < 0.001) diminished in Ifnr -/-mice. Taken together, these data indicate that type I IFNs play a pivotal role in the TLR9-MyD88-dependent adaptive immune responses to AAV vectors in vivo.
AAV also activates human pDCs in a TLR9-dependent manner. The critical role for the TLR9-MyD88 pathway in innate and adaptive immune responses to AAV vectors suggested that strategies to interfere with the TLR9-MyD88 pathway may improve the outcome of AAV-mediated gene therapy in humans. As a first step to testing this strategy, we examined whether AAV also activated human pDCs via TLR9. Human pDCs and monocytes were purified from PBMCs and stimulated with AAV2-lacZ for 18 hours. Cells were then harvested and total RNA was examined for the expression of human IFN-α (hIFN-α) and hIFN-β by RT-PCR. Consistent with the observation in mice, AAV-stimulated human pDCs, but not non-pDCs such as monocytes, induced the expression of hIFN-α and hIFN-β ( Figure 9A ). To test whether activation of human pDCs by AAV was also mediated by TLR9, purified pDCs were pretreated with a TLR9 antagonist, H154 oligodeoxynucleotide (ODN) (33), followed by stimulation with AAV2-lacZ, and cellular RNA was analyzed for the induction of hIFN-α and hIFN-β by semi-quantitative RT-PCR. Our data showed that pretreatment with H154 ODN completely blocked the induction of hIFN-α and hIFN-β upon AAV infection, compared with untreated controls ( Figure 9B) . Similarly, pretreatment with H154 ODN also abrogated the induction of hIFN-α and hIFN-β by a TLR9 agonist, CpG-A ODN (34), confirming the specificity of TLR9 blocking by H154 ODN ( Figure 9B ). These results indicate that the activation of human pDCs by AAV is also mediated by TLR9 and suggest a strategy for TLR9 blockade to blunt AAV-induced innate immune response.
Discussion
The adaptive immune responses to AAV represent a significant hurdle in the clinical application of AAV vectors for gene therapy. Recent developments have suggested a critical role for the innate immunity in promoting adaptive immune responses. A major unanswered question is how AAV activates the innate immune pathway. In this study, we demonstrated that AAV activated pDCs, but not non-DCs such as cDCs and macrophages, to produce type I IFNs through the TLR9-MyD88 pathway. In vivo, the TLR9-MyD88 innate immune pathway was required for the activation of CD8 + T cell responses to both the transgene product and the AAV capsid, leading to the loss of transgene expression. Furthermore, the formation of antibodies to the transgene product and the AAV vector was also critically dependent on this pathway. In addition, we showed that TLR9-dependent activation of adaptive immune responses to AAV was mediated by type I IFNs and that AAV also activated human pDCs to induce type I IFNs via TLR9.
Our finding that, similar to adenoviral vectors, AAV predominantly activated pDCs via the TLR9-MyD88 pathway to secrete type I IFNs is in line with previous observations that pDCs are the most potent type I IFN producers and secrete mainly type I IFNs upon TLR9 stimulation (31, 35) . The mechanism(s) underlying this pDC-specific involvement of the TLR9-MyD88-type I IFN pathway remains incompletely defined. Studies have shown that stimulation of TLR9 with CpG DNA in pDCs activates MyD88, which then interacts with IRAK1 and TRAF6, leading to the activation of IKKα and IRF7 and the production of type I IFNs (36, 37). However, this pathway is not operative in non-pDCs such as cDCs. Furthermore, pDCs express high levels of IRF7 and osteopontin, both of which are critical for the induction of type I IFNs (38, 39) . In addition, CpG DNAs are retained longer in pDC endosomes where TLR9 resides, but are rapidly transferred to lysosomes for degradation in non-pDCs (40, 41) . Indeed, we have found that pDCs are poorly transduced by adenoviral vectors (31), which may be related to the preferential retention of CpG-containing viral DNA in the endosome.
The TLR9-dependent recognition of AAV also suggests that the ligand for TLR9 recognition is viral DNA. How is the encapsidated single-stranded AAV DNA exposed in endosomes for its recognition by TLR9? It has been shown that following clathrin-dependent or -independent internalization, transducing AAV is routed through the endosomal compartment, where pH-dependent penetration of endosomes by the virus occurs (42) . Studies with other viruses have suggested that the highly acidified endosomal
Figure 7
The formation of anti-transgene and AAVneutralizing antibodies is also dependent on the TLR9-MyD88 pathway. WT, Tlr9 -/-, or Myd88 -/-mice were injected with AAV2-HA intramuscularly. (A and B) Serum samples were harvested at day 36 for the measurement of anti-HA antibody titer by ELISA (A) as well as neutralizing antibody titers to AAV vectors (B). (C-E) Sera were also analyzed for vector-specific IgG2a (C), IgG1 (D), and IgG3 (E) by ELISA. Data reflect the mean ± SD of reciprocal endpoint titers. Data shown are representative of 3 independent experiments. compartment, which contains abundant proteolytic degradation enzymes, may damage viral particles and release some viral DNA for recognition by TLR9 (30, 43) . This process is independent of viral transduction, and viruses that do not normally replicate in pDCs, as well as defective viral particles or inactivated virus, can also be detected. Even viruses neutralized by antibody or complement can be taken up via Fc or complement receptors and subject to TLR recognition within endosomes (44) . Similar to AAV2, other serotypes of AAV, including AAV1 and AAV9, also activate pDCs via the TLR9-MyD88 pathway. However, pDCs infected with AAV1 or AAV9 appear to induce lower levels of type I IFNs than those with AAV2, suggesting that different serotypes of AAV may differ in activating the innate immune system. It remains to be defined whether this reflects a difference in endosome targeting and/or processing of AAV. Thus, further investigation is needed to define endosomal sensing of AAV by TLR9.
Whether capsid components of AAV can activate innate immune responses is unknown. A recent report has suggested that complement components might interact with AAV capsids to enhance the stimulation on macrophages by AAV in vitro (45) . However, cytokine secretion upon AAV infection is not compromised in mice deficient for complement components in vivo, suggesting that such an interaction may not exist in vivo (45) . Thus, the role of complement components in innate immune response to AAV in vivo remains uncertain.
The observation that very low levels of type I IFNs and proinflammatory cytokines were produced by non-pDCs upon AAV infection is in striking contrast to adenoviral vectors. Since production of proinflammatory cytokines and type I IFNs by pDCs stimulated with adenoviral vectors is mediated by a TLR-independent pathway through cytosolic sensing of double-stranded adenoviral DNA (31, 46) , these data suggest that the single-stranded AAV genome may not activate this pathway efficiently in nonpDCs. Indeed, it is believed that the ligand for the yet-to-be-identified cytosolic DNA sensor is double-stranded B-form DNA derived from many microbes (47, 48) . The very low levels of cytokines produced by non-pDCs upon AAV infection may explain a lack of strong inflammatory responses documented in numerous models of AAV-mediated gene therapy in vivo (49) . As pDCs mainly reside in the spleen and other secondary lymphoid organs (35) , the lack of strong type I IFN or proinflammatory cytokine responses from non-pDCs upon AAV infection may also explain a recent observation that robust transcriptome responses, including the induction of a cluster of type I IFN-related genes, associated with adenoviral vectors by microarray analysis of liver RNA were not observed with AAV vectors (50) . Taken together, the above observations are consistent with the notion that AAV is a weak immunogen compared with adenoviral vectors.
The biological significance of the TLR9-MyD88-type I IFN pathway in innate sensing of AAV by pDCs lies in its critical role in the activation of adaptive T and B cell responses to the transgene product and the AAV vector. Our results indicate that an intact TLR9-MyD88 pathway is required for the activation of both AAV capsid-and transgene product-specific CD8 + T cells. The lack of CD8 + T cell responses early after infection (day 12) in Tlr9 -/-or Myd88 -/-mice suggests that the TLR9-MyD88 pathway is critical for CD8 + T cell priming. The observation that the kinetics of transgene-specific CD8 + T cell response is closely associated with the loss of transgene expression ( Figure 6 , A, E, and F), suggests that transgene-specific CD8 + T cells may be critical for the elimination of the transduced cells in vivo. This is very similar to a recent observation that lentiviral vectors activate pDCs via TLR7 to secrete type IFNs, which is required for subsequent activation of CTLs against the transgene product (51). However, since the TLR9 pathway also regulates the activation of capsid-specific CD8 + T cells, we can not rule out the role of capsid-specific T cells in eliminating AAVtransduced cells in vivo.
The mechanism(s) underlying type I IFN-dependent adaptive immune responses to AAV requires further investigation. Studies in other models have shown that type I IFNs can promote DC maturation and function (52, 53) . Type I IFNs have also been shown to enhance cross-presentation by DCs (54) . This observation is particularly relevant to AAV infection, since the activation of both transgene-and viral capsid-specific CTL responses are thought to be dependent on cross-presentation by MHC class I (15, (19) (20) (21) (22) (23) . Furthermore, we have recently shown that direct type I IFN signaling is required for the survival of activated T cells in response to vaccinia viral infection (55) . Type I IFNs are also critical for multiple stages of adaptive B cell response to adenovirus, and the generation of protective neutralizing antibodies to adenovirus critically depends on type I IFN signaling on both CD4 T cells and B cells (56) . Thus, future studies should focus on defining mechanisms by which type I IFNs promote adaptive immune responses to AAV.
Our observation that human pDCs can also be activated by AAV to induce type I IFNs via TLR9 suggests that the TLR9 pathway might also be important in regulating adaptive immune responses to AAV in humans. However, studies have shown that the induction of adaptive immune responses to AAV is influenced by many factors, including host species and a pre-existing immunity to AAV (18) . Thus, additional studies in nonhuman primates as well as in human clinical trials are required to define the role of the TLR9 innate immune pathway in the activation of adaptive immune responses to AAV in humans.
The route of administration has also played a role in adaptive immune responses to AAV. Studies in murine models have shown that hepatic delivery of AAV often results in immune tolerance to the transgene product (57, 58). It is not clear whether this is a result of defective innate immune activation in the liver (e.g., insufficient pDCs or lack of interaction of AAV with pDCs), the existence of immunosuppressive cell types such as regulatory T cells and Kupffer cells, and/or the existence of immunosuppressive cytokines such as IL-10 in the hepatic microenvironment (59, 60) . Thus, it will be important to delineate factors that influence immune responses to AAV in the liver.
In conclusion, our study reveals that AAV activates the innate immunity through the TLR9-MyD88 pathway in pDCs, which leads to the production of type I IFNs. In vivo, this innate immune pathway plays a critical role in the activation of CD8 + T cell responses to both the transgene product and the AAV capsid and the formation of anti-transgene and AAV-neutralizing antibodies. Furthermore, AAV also activates human pDCs to produce type I IFNs in a TLR9-dependent fashion. These results suggest that strategies targeted to interfere with the TLR9-MyD88-type I IFN signaling pathway may improve the safety and efficacy of AAV vectors for gene therapy in humans.
Methods
Mice. C57BL/6 and BALB/c mice were purchased from The Jackson Laboratory. Tlr2 -/-, Tlr9 -/-, Myd88 -/-, and Trif -/-mice on a C57BL/6 background were kindly provided by Shizuo Akira (Osaka University, Osaka, Japan). IFN-αβR -/-mice (61) on a 129/Sv background and their normal control 129/Sv mice were obtained from B & K Universal. Tlr9 -/-and Myd88 -/-mice had been backcrossed onto BALB/c background for more than 9 generations in our animal facility. Groups of 7-to 10-week-old mice were selected for this study. All experiments involving the use of mice were done in accordance with protocols approved by the Animal Care and Use Committee of Duke University.
Recombinant AAV. Recombinant AAV2-HA, AAV2-lacZ, or AAV2-GFP under the control of CMV promoter were generated with a helper virusfree system (Stratagene) by transfecting 293 cells (which stably express the adenovirus E1 gene) with 3 plasmids as previously described (62, 63) . These 3 plasmids were pHelper, encoding the E2A, E4, and VA RNA genes of adenovirus; pAAV-RC, encoding the AAV2 rep and cap genes; and vector plasmid pAAV-CMV-HA, -lacZ, or -GFP. Purification of AAV was done by heparin affinity chromatography, as described previously (32) . Briefly, cells were disrupted by freezing and thawing 2 times, and cell lysates were incubated with 40 μg/ml of DNase I and RNase A (Roche Biochemicals) for 30 minutes at 37°C. After centrifugation, the supernatants were then incubated with 0.5% deoxycholic acid (Sigma-Aldrich) for 30 minutes at 37°C, followed by filtration through a 5-μm and a 0.8-μm pore size filter (Millipore) sequentially. The cleared supernatants were then loaded onto a heparin column. After washing twice with PBS, pH 7.4, plus 0.1 M NaCl, the virus was eluted with PBS, pH 7.4, plus 0.4 M NaCl. The eluate was concentrated with a Millipore Biomax-100K NMWL filter device by centrifugation. The vg titer was determined with a CMV promoter-specific quantitative real-time PCR procedure.
For the production of recombinant AAV1-GFP and AAV9-GFP, pAAV-CMV-GFP and pHelper were cotransfected into 293 cells along with a chimeric packaging plasmid, in which the AAV2 rep gene was fused to AAV1 and AAV9 capsid genes, respectively. Cells were harvested, sonicated, and treated with DNase I and RNase A. The resultant AAV1-GFP and AAV9-GFP viral particles were purified twice by CsCl density gradient ultracentrifugation, as described previously (64) .
Murine DC culture. pDCs were generated as previously described (31) . Briefly, bone marrow cells were harvested from femurs and tibias of mice and cultured in the presence of 200 ng/ml of Flt-3 ligand (R&D Systems) for 9 days. For generation of cDCs, bone marrow cells were cultured in the presence of mouse GM-CSF (1,000 U/ml) and IL-4 (500 U/ml) (R&D Systems) for 5 days, as previously described (65) . pDCs and cDCs were stained with anti-B220-FITC and anti-CD11c-PE and purified by FACS sorting. Purified cells were then stimulated with various agents at a density of 1 × 10 6 cells/ml.
Isolation of murine splenic DCs, macrophages, and Kupffer cells. Splenic DC isolation was performed as previously described (31) . After perfusion with Liberase CI (Roche Biochemicals), single-cell suspensions were subjected to 30% BSA gradient, and the interface DC fraction was collected and stained with anti-B220-FITC and anti-CD11c-biotin, followed by streptavidin microbeads (Miltenyi Biotec). CD11c + DCs were purified by positive selection by microbeads and subjected to FACS sorting into pDCs (CD11c + B220 + ) and cDCs (CD11c + B220 -). Macrophages were isolated from the peritoneal cavity of mice 3 days after intraperitoneal injection of 2.5 ml of 3% thioglycollate as previously described (66) . Kupffer cells were isolated from mouse livers as described (31) . After perfusion in situ via portal vein with collagenase, single-cell suspensions were subjected to gradient centrifugation with 11.5% OptiPrep solution. Kupffer cell fraction was collected from the interface and purified by FACS sorting for F4/80 + cells. Purified splenic CD11c + DCs, macrophages, and Kupffer cells were stimulated with various agents at a density of 2.5 × 10 5 cells/ml.
Detection of cytokines by ELISA. Production of IL-6, TNF-α, IFN-α, and IFN-β by DCs in response to various stimuli was detected in cultured supernatants by ELISA kits according to the manufacturer's standard protocols. IL-6 and TNF-α ELISA kits were purchased from Endogen (Pierce Biotechnology). IFN-α and IFN-β kits were obtained from PBL Biomedical Laboratories.
In vivo delivery of recombinant AAV. AAV-HA (1 × 10 11 vg) in 25 μl of PBS, pH 7.4, was injected into tibialis anterior muscles of mice. Mice were sacrificed at different time points for histological and immunological assays. All animals that received recombinant virus survived to the time of necropsy.
Proliferation assay. T cells were isolated from splenocytes using CD5 microbeads (Miltenyi Biotec). CD5 + T cells (2 × 10 5 ) were cocultured with irradiated (3,000 rad) naive splenocytes (2 × 10 5 ) in the presence of AAV2-HA at 0, 50, 500, or 5,000 vg/cell for 72 hours, in triplicate. Cultures were pulsed with 1 μCi per well of 3 H-thymidine. About 16-20 hours after pulsing, plates were harvested using a 96-well cell harvester, and the 3 H-thymidine incorporation was counted using a 1205 Betaplate scintillation counter (Wallac).
Antibodies and flow cytometry. All antibodies used for FACS were purchased from BD Biosciences. FACSCanto (BD Biosciences) was used for flow cytometry event collection, and data were analyzed using FACS DIVA and CELLQuest software (BD Biosciences).
For intracellular IFN-γ staining, splenocytes were stimulated with 2 μg/ml of L d -restricted AAV2 capsid epitope peptide ( 372 VPQYGYLTL 380 ) (67) or K d -restricted HA epitope peptide ( 518 IYSTVASSL 526 ) (65), and 5 μg/ml of GolgiPlug (BD Biosciences) for 5 hours. After washing, cells were stained with anti-CD8 + (clone 53-6.7) and permeabilized to detect IFN-γ intracellularly with anti-IFN-γ (clone XMG1.2) using the Cytofix/ Cytoperm kit (BD Biosciences) as previously described (65) .
Immunohistochemical staining. Frozen sections (5 μm) of muscles were fixed with acetone, air dried, and rehydrated in PBS. After blocking with 20% goat serum in PBS, sections were incubated with biotinylated anti-HA or anti-CD8 + mAb, followed by staining using an ABC kit (Vector Laboratories), as previously described (68) .
Neutralizing antibody assay. Neutralizing antibody titers were analyzed by assessing the ability of serum antibody to inhibit transduction of AAV2-lacZ into AAV permissive HT1080 cell line. HT1080 cells (60%-70% confluent) in 96-well plates (2 × 10 4 cells per well) were treated with 0.2 ml of 240 mM of hydroxyurea and 3 mM of sodium butyrate for 6 hours at 37°C. Serum samples were incubated at 56°C for 30 minutes and then diluted in 2-fold steps starting from 1:20 or 1:50. Serial dilutions of sera were pre-incubated with 2.5 × 10 8 vg of AAV2-lacZ in a 100-μl total volume for 1 hour at 37°C and added to pretreated cell cultures. Cells were fixed and analyzed for lacZ expression by X-gal staining on the following day, as previously described (56) . All of the cells stained blue in the absence of serum samples. The titer of neutralizing antibody for each sample was reported as the highest dilution with which less than 50% of cells stained blue.
AAV2-specific antibody isotyping by ELISA. Serum samples were analyzed for AAV2-specific Ig isotypes (IgG1, IgG2a, and IgG3) by ELISA as previously described, with some modifications (56) . Briefly, 96-well plates (Costar) were coated with AAV2-lacZ (1 × 10 9 vg/ml) in 100 μl 0.1 M carbonate (pH 9.6) overnight at 4°C. Serial diluted samples were added to antigencoated plates and incubated for 2 hours. Plates were washed and incubated with biotin-conjugated goat anti-mouse IgG1, IgG2a, and IgG3 (Southern Biotech) for 1 hour. Horseradish peroxidase-coupled streptavidin (100 μl; BD Biosciences) was then added. Finally, 100 μl per well of the substrate solution (TMB; BD Biosciences) was added, and the substrate conversion was stopped by the addition of 100 μl per well of 2 N HCl. Absorbance was measured at 450 nm. Results were expressed as reciprocal endpoint titers, as described in ref. 56 .
Anti-HA antibody titer. To measure antibody response to HA transgene, HA-expressing Renca cells (Renca-HA cells), which express HA on the cell surface, were seeded on a flat 96-well plate. After overnight culture, cells were fixed for 10 minutes with 0.25% glutaraldehyde in PBS, pH 7.4. Plates were washed and blocked with PBS containing 10% FBS for 2 hours. After washing, serial diluted samples were added and incubated for 2 hours. Plates were then washed and incubated with biotin-conjugated goat anti-mouse IgG (Southern Biotech) for 1 hour at room temperature. Plates were washed as described above, and TMB substrate solution (BD Biosciences) was added. After 15 minutes, color development was stopped by the addition of HCl. Optical densities were read at 450 nm on a microplate reader. Results were expressed as reciprocal endpoint titers, as previously described (56) .
Isolation and stimulation of human pDCs. Human pDCs were purified from PBMCs of healthy donors under approval of the Duke University institutional review board, as previously described (69) . Briefly, PBMCs were first depleted of non-pDCs (i.e., T cells, B cells, NK cells, myeloid DCs, monocytes, granulocytes, and erythroid cells) using a cocktail of biotinconjugated antibodies and anti-biotin microbeads (Miltenyi Biotec). The enriched pDCs were further purified by positive selection using microbeads against human pDC-specific antigen CD304 (BDCA-4/neuropilin-1; Miltenyi Biotec). By this 2-step magnetic separation procedure, the purity of the isolated pDCs was more than 99%. Monocytes were also purified from PBMCs with anti-CD14 microbeads (Miltenyi Biotec) for use as a control. The purified pDCs and monocytes (5 × 10 4 ) were stimulated with AAV2-lacZ for 18 hours, and cells were harvested for total RNA preparation. The expression of hIFN-α and hIFN-β was assessed by RT-PCR using primers as previously described (70) for hIFN-α (sense, 5′-GATGGCCGTGCTG-GTGCTCA-3′; antisense, 5′-TGATTTCTGCTCTGACAACCTCCC-3′) and for hIFN-β (sense, 5′-TTGAATGGGAGGCTTGAATA-3′; antisense, 5′-CTATGGTCCAGGCACAGTGA-3′). Human ribosomal protein S14 (sense, 5′-GGCAGACCGAGATGAATCCTCA-3′; antisense, 5′-CAGGTC-CAGGGGTCTTGGTCC-3′) was used as an internal control. For TLR9-blocking experiments, pDCs were pretreated with 10 μM of H154 ODN for 30 minutes, followed by stimulation with AAV2-lacZ or CpG-A ODN. Both H154 ODN (5′-CCTCAAGCTTGAGGGG-3′) and CpG-A ODN (5′-GGGGGACGATCGTCGGGGGG-3′) were phosphorothioate-stabilized and synthesized by Integrated DNA Technologies.
Statistics. Results are expressed as mean ± SD. Differences between groups were examined for statistical significance using the Student's t test.
